High-field moment polarization in the ferromagnetic superconductor UCoGe; 
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We report magnetization and magnetoresistivity measurements on the isostructural ferromagnetic 
superconductors UCoGe and URhGe in magnetic fields up to 60 T and temperatures from 1.5 to 
80 K. At low-temperature, a moment polarization in UCoGe in a field /ioH || b of around 50 T leads 
to well-defined anomalies in both magnetization and magnetoresistivity. These anomalies vanish 
in temperatures higher than 30-40 K, where maxima in the magnetic susceptibility and the field- 
induced variation of the magnetoresistivity are found. A comparison is made between UCoGe and 
URhGe, where a moment reorientation in a magnetic field /xqH || b of 12 T leads to field-induced 
reentrant superconductivity. 
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Field-induced transitions to a paramagnetic polarized 
regime have been observed in many heavy-fermion sys- 
tems close to a paramagnetic-to-antiferromagnetic quan- 
tum instability. In heavy-fermion paramagnets, a sim- 
ple correspondence lKf»lT often holds between the 
temperature T™ ax at the maximum of the magnetic sus- 
ceptibility and the transition field H m , which indicates 
that they are both controlled by a unique phenomenon 1 . 
In the textbook heavy-fermion paramagnet CeRu2Si2, 
they are related to antiferromagnetic fluctuations, which 
are quenched at the metamagnetic transition H m = 8 T 
and whose zero-field energy scale, the quasielastic 
linewitdh at the antiferromagnetic wavevector— , equals 
rpmax _ k. Field-induced superconductivity was re- 
cently discovered in the ferromagnetic superconductor 
URhGe [IQ in a field H applied along the hard mag- 
netic axis b, in the window 8 < hqH < 12 T far above 
the superconducting critical field ^qH c ,2 = 2 T. In this 
system, reentrant superconductivity is intimately con- 
nected to a moment reorientation occurring at 12 T 
In the other ferromagnetic superconductors UCoGe at 
ambient pressur o 9 ' 10 and UGe2 under pressur o 11 : 12 , an 
anomalous 5-shape of H Ct2 could also result from field- 
induced reentrant superconductivity. The challenge is 
now to discover a second case where superconductivity 
develops well above -f/c,2, i-e., with two well-separated su- 
perconducting phases, showing that reentrant supercon- 
ductivity in URhGe is not an isolated exotic case. With 
this aim, a prerequisite is to find another case of field- 
induced moment polarization in a superconducting ferro- 
magnet, where ferromagnetic fluctuations could drive to 
field-induced superconductivity. However, in such com- 
plex strongly correlated electron systems, a large field- 
induced magnetic polarization can also modify the local 



fluctuations, which are partly responsible for the mass 
enhancement, and may lead to strong modifications of 
the Fermi surface. Lifshitz-like transitions were recently 
proposed to occur in URhGe [13] and UCoGe [l4j |. 

Here, we present a study per magnetization and 
magnetoresistivity of the ferromagnetic superconductor 
UCoGe in pulsed magnetic fields up to 60 T applied along 
the three main directions a, b, and c, in the orthorhom- 
bic structure (TiNiSi-type). Temperatures from 1.5 to 
80 K, i.e., above the zero-field superconducting temper- 
ature T sc = 0.6 K, were investigated. We find that a 
field-induced moment polarization occurs in a magnetic 
field of ~ 50 T applied along the hard axis b. This transi- 
tion vanishes at temperatures higher than 30-40 K, which 
also corresponds to maxima in the magnetic susceptibil- 
ity and in the field-dependence of the magnetoresistiv- 
ity. We emphasize the striking similarity between the 
moment polarization found here for UCoGe and the mo- 
ment reorientation occurring at 12 T - for H || b too - in 
URhGe, whose high-field magnetization and resistivity 
are also studied. 

High-quality UCoGe and URhGe single crystals were 
grown by the Czochralski method in a tetra-arc furnace. 
Magnetic susceptibility was measured using a commer- 
cial SQUID magnetometer (Magnetic Properties Mea- 
surement System from Quantum Design) . Magnetization 
of URhGe up to 14 T was measured using a commercial 
VSM insert in a PPMS (Physical Properties Measure- 
ment System from Quantum Design). Experiments in 
pulsed magnetic fields were performed using standard 
150-ms (30- ms rise, 120-ms fall) 60-T magnets of the 
Laboratoire National des Champs Magnetiques Intenses 
(LNCMI) in Toulouse. High-field magnetization was 
measured using the compensated-coil technique. High- 



2 



o 

o 
E 

E 















100 










H = 1 kOe \ 




I H lie 








u II - \ 

n M C \ 


10 


, H llj>^--^ 








I X 




Hlhi 




I -^^^ 


. 100 


200 


300 


A 7"™* H II b 














H II a 







100 200 

7(K) 



3 



UCoGe 








T= / \.5K 


H* 






H II c . 










H II b 










H II a 





FIG. 1: (color online) (a) Magnetic susceptibility versus tem- 
perature at H = 1 kOe (in an extended scale in the Inset) 
and (b) magnetization versus magnetic field at T = 1.5 K of 
UCoGe for H II a. b. and c. 



field magnetoresistivity was measured within the four- 
point technique at a frequency of ~ 40 kHz, using a dig- 
ital lock-in (developed at the LNCMI by E. Haanappel), 
and a transverse configuration with the electrical current 
I || c and the magnetic field H || b. The UCoGe and 
URhGe samples studied by resistivity had residual resis- 
tivity ratios p Z)Z (300K)/p° z ~ 45 and 11, respectively. 

Figured] (a) presents the magnetic susceptibility versus 
temperature of UCoGe in a magnetic field H of 1 kOe 
applied along a, b, and c, while Fig. H](b) shows its mag- 
netization versus magnetic field at T — 1.5 K in /xoH || a, 
b, and c up to 53 T. In agreement with previous mag- 
netization experiments up to 5 T jl5j |. the hierarchies 
Xc > Xb > Xa and M c > M b > M a indicate that UCoGe 
has a strong Ising anisotropy, c being the easy magnetic 
axis, b an intermediate hard magnetic axis, and a the 
hardest magnetic axis. For H || c, the slope of M(H) 
decreases with increasing field, a kink being observed at 
PoH* = 23.5 ± 2 T, above which the system is partially 
polarized; at p,oH — 40 T, M — 0.6 pb/V is still 6 times 
smaller than the U 3+ and U 4+ free ions values 3.62 and 
3.58 /is/U, respectively, and M(H) continues to increase, 



indicating the presence of still-unquenched magnetic fluc- 
tuations and/or a crystal-field splitting. No anomaly is 
observed up to 53 T in the magnetization measured for 
H || a. For H || b, a significant enhancement of the slope 
of M (H) is observed at p H^ k = 46 ± 2 T, indicating 
another field- induced moment polarization. In Fig. [5] (a), 
a plot of M/H versus H at different temperatures shows 
that the anomaly at H^ nk can be followed up to 20 K, 
its trace being lost above 30 K. This temperature scale 
coincides with the temperature T™ ax ~ 37.5 ± 1 K at 
which, for H || b, the magnetic susceptibility of UCoGe 
is maximal. The magnetic field-dependence, for H || b 
and in a semi-log scale, of the resistivity p z ^ z of UCoGe 
is presented in Fig. [5] (b) at different temperatures from 
3 to 84 K. At T = 3 K, p Zj2 is characterized by a max- 
imum at /j,oHp lax = 52 ± 0.5 T. When the temperature 
increases, a contribution with a negative slope develops in 
Pz,z(H), in addition to the anomaly associated to H™ ax , 
which shifts to the lower fields. Above 15 K, p ZjZ (if) 
decreases monotonously and it is impossible to define 
H™ ax , although a related shoulder is still clearly visible 
up to 20 K. We can follow the evolution of the high-field 
anomaly up to 20 K by considering the field HV^ X ^ gH 
defined at the maximum of dp ZyZ /dH, instead of Hp lax . 
In agreement with the magnetization, the resistivity of 
UCoGe under H || b confirms thus the presence of an 
anomaly at around 50 T, which vanishes in temperatures 
higher than 30 K. The temperature scale of 30 K also 
corresponds to the strongest variation, of negative slope, 
observed in p ZjZ (if) up to 60 T. 

For comparison with the UCoGe case, we present in 
Fig. |3] the high- field magnetization and magnetoresistiv- 
ity of URhGe. URhGe is isostructural and has a similar 
magnetic anisotropy than UCoGe, with M c > M\, > M a 
[cf. right Inset of Fig. [3] (a)]. As shown in Fig. [3] (a) 
(see also Ref. 0) we observe in AI(H), for H || b and 
at T = 1.8 K, a step-like anomaly which can be defined 
either at the kink {p Hf/ lk = 10.9±0.5 T) or at the max- 
imum of slope of M(H) (ii H™M X /dH = 11.7±0.1 T). This 
anomaly moves to the lower fields when T is increased 
and it vanishes above Tc = 9.5 K. A sharp maximum is 
observed at T™ ax — Tc in the magnetic susceptibility of 
URhGe for H || b [sec left Inset of Fig. (a)]. Figure 
[3] (b) shows the magnetic field-dependence, in a semi-log 
scale, of the resistivity p z _ z of URhGe for H || b, at tem- 
peratures from 1.5 to 50 K. A maximum in the resistivity 
is observed at p Q H™ ax = 13.6 ± 0.5 T which de- 
creases when T is increased. For comparison with UCoGe 
[cf. Fig. Q] (b)], the field fJ. H^ p ax r/dH = 12.5 ± 0.5 T at 
the maximum of slope of dp z . z /dH is also extracted. The 
trace of the high- field anomaly is lost for T > Tc- An 
additional contribution (negative slope) to p ZiZ {tf) also 
develops at low-field when T is increased, leading to a 
maximal variation at 10 K of p z ^ z {H) 1 in a window up to 
60 T. 

Figure U shows the magnetic field - temperature phase 
diagrams, with H || b, extracted from our magneti- 
zation and magnetoresistivity measurements on UCoGe 
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FIG. 2: (color online) (a) Magnetization divided by the mag- 
netic field and (b) magnetoresistivity versus field, in a semi-log 
scale, of UCoGe for H || b and at temperatures from 1.5 to 
84 K. 



and URhGe. The characteristic field at the moment po- 
larization and the temperature T™ ax at the maximum 
of the susceptibility are plotted for the two compounds. 
Since the anomalies are rather broad (in particular for 
UCoGe) , their characteristic field is difficult to define and 
we extract it using different criteria: H^} nk and H g n ] ^ x gH 
from the magnetization and H™ ax and Hg l ^ x ^ gH from 
the magnetoresistivity. In UCoGe, the anomaly at 50 T 
observed at low-temperature vanishes for T > 30 K (~ 
T rnaxy As the anoma i y at 12 T observed in URhGe 

at low-temperature vanishes for T > 9.5 K (= T™ ax ). 
From the Maxwell relation {dS/dH) T = (dM/dT) H the 
magnetic entropy and thus the magnetic fluctuations in- 
crease with H when T < T™ ax , indicating the proxim- 
ity of a field-induced transition-^. Table U summarizes 
the characteristic temperature scales, the spontaneous 
moment M s , and the moment polarization field, noted 
here H m , of URhGe and UCoGe for H || b. While the 
spontaneous moment M s of UCoGe (0.05 [Ib /U) is much 
smaller than that of URhGe (0.4 //b/U), the magnetiza- 



FIG. 3: (color online) (a) Magnetization divided by the mag- 
netic field and (b) magnetoresistivity versus field, in a semi- 
log scale, of URhGe for H || b and at temperatures from 1.5 
to 50 K. The insets of (a) show, on the left, the magnetic 
susceptibility of URhGe versus temperature for /ioH || b of 
0.5 T and, on the right, the magnetization of URhGe versus 
magnetic field for H || a, b, and c and at T = 1.8 K. 



tion of both systems reaches similar values (~ 0.6 ^b/U) 
in high fields H || b, c. Another striking similarity is 
that, for H || b, the moment polarization occurs in 
both UCoGe and URhGe when M reaches ~ 0.3/xb/U. 
In URhGe, M s = 0.4 ^ B /U is large and the field H m 
coincides with M ~ M s , indicating that the polariza- 
tion of the ferromagnetic moments at H m has a feed- 
back on superconductivity. In UCoGe, M s — 0.05 //b/U 
is small and H m corresponds to M > M s , but rein- 
forcement of superconductivity was found around 15 T, 
where M ~ M s [l(|. As in heavy fermions close to an 
antifcrromagnetic-to-paramagnetic quantum instability 1 , 
the moment polarization field in UCoGe and URhGe un- 
der H || b is connected to T™ ax by a phase boundary 
(or crossover) in the (H , T) plane and by a simple corre- 
spondence 1 K f) 1 T. For H || b, contrary to URhGe 
where Tq = T™ ax , UCoGe is characterized by a decou- 
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FIG. 4: (color online) Magnetic field - temperature phase 
diagram of UCoGe and URhGe extracted here from magne- 
tization and magnetoresistivity measurements with H || b. 
For each compound, I and II indicate the regimes below and 
above the moment polarization field. 



TABLE I: Curie temperature To, spontaneous moment M s , 
superconductive temperature T sc at H — and, for H || b, 
temperature T™ ax a t the maximum of the magnetic suscepti- 
bility, moment polarization field H m , and maximum T^ ax of 
the reentrant superconductive temperature when H > -He, 2, 
in URhGe and UCoGe. 



URhGe 



UCoGe 



T C (K) 


9.5 


3 


M s (/is) 


0.4 


0.05 


T ac (H = 0) (K) 


0.25 


0.6 


T™ ax [H || b] (K) 


10 


37.5 


HoHm [H || b] (T) 


12 


50 


TT c ax [H > # C , 2 ,H || b] (K) 


0.6 


. t 



Refs. 



16,7] 



19] 



f In UCoGe, a S-shape of H c , 2 is observed at 10-15 T— . 

pling between the Curie temperature Tc = 3 K and 
T rnax _ 37 5 K For Tj Co Ge, the question is whether 



rpmax anc j are con t r olled by magnetic fluctuations or 
Fermi surface effects. The effect of a high magnetic field 
on the Fermi surface of UCoGe, which is a low-carrier 
system with large effective masses^, are expected to be 
important since the Zeeman energy easily affects the ef- 
fective Fermi energy. Indeed, high-field Fermi surface 
reconstructions were reported in the low-carrier system 
URri2Si2 [20.21]. Theoretical calculations have shown 
that strong differences are expected between the Fermi 
surface of the paramagnetic and ferromagnetic states of 
UCoGe [lj|. The 30-K temperature scale in UCoGe is 
also responsible for a shoulder in the nuclear spin-lattice 
relaxation rate versus temperature (at zero-field^ and 
in a field of 2 T applied along a, b, and c [23|) and by 
an enhancement of the magnetic fluctuations at the re- 
ciprocal lattice zone-center—. Further investigations of 
both the magnetic fluctuations and the Fermi surface of 
UCoGe in high field are needed to determine what drives 
the field-induced moment polarization at fioH m ~ 50 T 
for H || b. The description of the kink at ^i H* ~ 25 T 
for H || c would also merit consideration. Knowing that 
a field-induced moment at the Co sites was reported from 
polarized neutron scattering in hqH | c = 12 T (25|, the 
magnetic properties of UCoGe are expected to be more 
complex than that of URhGe. 

To conclude, we have reported new high-magnetic-ficld 
magnetization and magnetoresistivity measurements on 
the ferromagnetic superconductors UCoGe and URhGe. 
For H || b, a field-induced moment polarization in 
UCoGe at 50 T vanishes at temperatures higher than 
30-40 K, which corresponds to a maximum in the mag- 
netic susceptibility. Strong similarities were emphasized 
with the moment reorientation occurring in URhGe, also 
for H || b, at 12 T. In both systems, despite very different 
spontaneous moments similar values of the magnetization 
were found to be reached in a high magnetic field. 

We acknowledge J. Beard, L. Bendichou, P. Delescluse, 
T. Domps, J-M Lagarrigue, J. -P. Nicolin, and T. Schi- 
avo for technical support. This work was supported 
by Euromagnet II via the EU under Contract No. 
RII3-CT-2004-506239, and by the ERC Starting Grant 
NewHeavyFermion. 



1 D. Aoki, W. Knafo, and I. Sheikin, larXiv:1204.5128l 

2 M. Sato, Y. Koike, S. Katano, N. Metoki, H. Kadowaki, 
and S. Kawarazaki, J. Phys. Soc. Jpn. Suppl. A 70, 118 
(2001). 

3 S. Raymond, D. Raoelison, S. Kambe, L. Regnault, B. Fak, 
R. Calemczuk, J. Flouquet, P. Haen, and P. Lejay, Physica 
B 259-261, 48 (1999). 

4 J. Flouquet, Y. Haga, P. Haen, D. Braithwaite, G. Knebel, 
S. Raymond, and S. Kambe, Physica B 272-276, 27 
(2004). 

5 W. Knafo, S. Raymond, P. Lejay, and J. Flouquet, Nat. 
Phys. 5, 753 (2009). 



6 D. Aoki, A. Huxley, E. Ressouche, D. Braithwaite, J. Flou- 
quet, J.-P. Brison, E. Lhotel, and C. Paulsen, Nature 413, 
613 (2001). 

7 F. Levy, I. Sheikin, B. Grenier, and A.D. Huxley, Science 
309, 1343 (2005). 

8 A. Miyake, D. Aoki, and J. Flouquet, J. Phys. Soc. Jpn. 
78, 063703 (2009). 

9 N.T. Huy, A. Gasparini, D.E. de Nijs, Y. Huang, J.C.P. 
Klaasse, T. Gortenmulder, A. de Visser, A. Hamann, T. 
Gorlach, and H.v. Lohneysen, Phys. Rev. Lett. 99, 067006 
(2007). 

D. Aoki, T.D. Matsuda, V. Taufour, E. Hassinger, G. 



5 



Knebel, and J. Flouquet, J. Phys. Soc. Jpn. 78, 113709 
(2009). 

S.S. Saxena, P. Agarwal, K. Ahilan, F. M. Grosche, 
R.K.W. Haselwimmer, M.J. Steiner, E. Pugh, I.R. Walker, 
S.R. Julian, P. Monthoux, G.G. Lonzarich, A. Huxley, I. 
Sheikin, D. Braithwaite, and J. Flouquet, Nature 406, 587 
(2000). 

I. Sheikin, A. Huxley, D. Braithwaite, J. P. Brison, S. 
Watanabe, K. Miyake, and J. Flouquet, Phys. Rev. B 64, 
220503 (2001). 

E.A. Yelland, J.M. Barraclough, W. Wang, K.V. Kamenev, 
and A.D. Huxley, Nature Physics 7, 890 (2011). 
L. Malone, L. Howald, A. Pourret, D. Aoki, V. Taufour, G. 
Knebel, and J. Flouquet, Phys. Rev. B 85, 024526 (2012). 
N.T. Huy, D.E. de Nijs, Y.K. Huang, and A. de Visser, 
Phys. Rev. Lett. 100, 077002 (2008). 

Due to a misalignment of the URhGe crystal measured by 
resistivity, the field at the moment reorientation is a bit 
higher than that reported usually^. 
M. Beal-Monod, Physica B+C 109-110, 1837 (1982). 
D. Aoki, I. Sheikin, T.D. Tatsuma, V. Taufour, G. Knebel, 
and J. Flouquet, J. Phys. Soc. Jpn. 80, 013705 (2011). 



M. Samsel-Czekala, S. Elgazzar, P.M. Oppeneer, E. Talik, 
W. Walerczyk, and R. Troc, J. Phys.: Condens. Matter 
22, 015503 (2010). 

GW. Scheerer, W. Knafo, D. Aoki, G. Ballon, A. Mari, 
D. Vignolles, and J. Flouquet, Phys. Rev. B 85, 094402 
(2012). 

D. Aoki, G. Knebel, I. Sheikin, E. Hassinger, L. Malone, 
T.D. Tatsuma, and J. Flouquet, J. Phys. Soc. Jpn. 81, 
074715 (2012). 

T. Ohta, T. Hattori, K. Ishida, Y. Nakai, E. Osaki, K. 
Deguchi, N.K. Sato, I. Satoh, J. Phys. Soc. Jpn. 79, 023707 
(2010). 

Y. Ihara, T. Hattori, K. Ishida, Y. Nakai, E. Osaki, K. 
Deguchi, N.K. Sato, I. Satoh, Phys. Rev. Lett. 105, 206403 
(2010). 

C. Stock, DA. Sokolov, P. Bourges, PH. Tobash, K. 
Gofryk, F. Ronning, E.D. Bauer, K.C Rule, and A.D. Hux- 
ley, Phys. Rev. Lett. 107, 187202 (2011). 
K. Prokes, A. de Visser, Y.K. Huang, B. Fak, and E. 
Ressouche, Phys. Rev. B 81 180407(R), (2010). 



